This paper provides a brief overview of the transfer function approach to sea-level reconstruction. Using the example of two overlapping sediment cores from the North Norfolk coast, UK, the advantages and limitations of the transfer function methodology are examined. While the selected cores are taken from different sites, and display contrasting patterns of sedimentation, the foraminiferal transfer function distils comparable records of relative sea-level change from both sequences. These reconstructions are consistent with existing sea-level index points from the region but produce a more detailed record of relative sea-level change. Transfer functions can extract sea-level information from a wider range of sedimentary sub-environments. This increases the amount of data that can be collected from coastal deposits and improves record resolution. The replicability of the transfer function methodology, coupled with the sequential nature of the data it produces, assists in the compilation and analysis of sea-level records from different sites. This technique has the potential to bridge the gap between short-term (instrumental) and long-term (geological or geophysical) records of sea-level change.
Introduction
Concerns surrounding the potential impacts of human-induced climatic change have heightened interest in the relationship between climate and sea-level. The nature of the ocean-climate relationship can be investigated in a variety of ways and at a number of spatial and temporal scales. Over short periods (decades), long tide-gauge records can be examined for signs of an accelerated rate of relative sea-level rise (e.g. Woodworth 1990; Shennan & Woodworth 1992; Woodworth et al. 1999; Ekman 2003) . Over long periods (millennia), geophysical models of the glacio-isostatic adjustment process can be used to estimate largescale changes in land and ocean level (e.g. Lambeck 1993 Lambeck , 1995 Peltier et al. 2002; Peltier 2004 ). Both of these methods are supported by geologically based reconstructions of relative sea-level derived from morphological, sedimentological and biological sea-level indicators (e.g. Pirazzoli 1996; . These are capable of reconstructing metre-scale relative sealevel changes at multi-centennial to millennial time-scales. A current challenge is to refine these techniques in order to link long-term geological or geophysical estimates with short-term instrumental records. Relative sea-level reconstructions derived from foraminiferal transfer functions are a promising area of research with the potential to meet this challenge.
In §2, the use of foraminiferal transfer functions in sea-level research is reviewed in brief. In §3, the advantages and limitations of this approach are illustrated using the example of two sediment cores collected from the Norfolk coastline, UK. The paper concludes with an assessment of the implications of these results for the development of detailed records of change capable of linking long-and short-term relative sea-level records.
Relative sea-level reconstructions and foraminiferal transfer functions for tide level
The composition (lithology) of coastal sediments, coupled with any biological components they contain, represents a rich source of information on past changes in relative sea-level (Godwin 1940 (Godwin , 1943 (Godwin , 1945 Godwin & Godwin 1940; Tooley 1978) . For over 20 years, a standard approach using 'sea-level index points' has been advocated and refined (e.g. Preuss 1979; Shennan et al. 1983; van de Plassche 1986 ). This approach rests upon the principle that switches between terrestrial and marine sedimentation reflect changes in the balance between land and ocean levels, moderated by local processes such as sedimentation rate. A sediment sample from a known location can be used as a sea-level index point if it is dated and its altitude is measured relative to a geodetic datum (Shennan 1982 (Shennan , 1986 Tooley 1982) . In addition, the elevation at which it formed relative to a contemporaneous tide level (termed the indicative meaning) must also be determined in order to account for the range of heights at which different coastal sedimentary environments are found (van de Plassche 1986) . Consequently, terrestrial deposits forming at some undefined height above the marine influence, and undifferentiated inter-tidal or sub-tidal sediments, cannot be used to reconstruct former sea-levels on the basis of their lithology. Instead, the lithological approach is generally restricted to establishing sea-level index points at the contacts between organic (terrestrial peat) and minerogenic (marine sand, silt and clay) sediments, which occur around the elevation of mean high water of spring tides (MHWST) (Shennan 1982 (Shennan , 1986 .
Biological indicators, such as the marine protists foraminifera, can be used in conjunction with this lithological approach to more precisely locate the transition between marine and terrestrial environments, thereby refining the indicative meaning of a sediment sample. In the simplest of cases, the switch from sediments devoid of foraminifera to those containing these marine animals can be used to pinpoint the first occurrence of marine conditions within a sequence (Scott & Medioli 1980) . Scott & Medioli (1978 , 1980 observed that the strong environmental gradients across the land-sea interface produce a pronounced vertical zonation of characteristic salt-marsh foraminifera. Identification of these foraminiferal zones permits a wider range of inter-tidal sediments to be assigned an indicative meaning and has been used to produce detailed records of relative sea-level change (e.g. Varekamp et al. 1992; Gehrels 1994; Nydick et al. 1995) .
The transfer function methodology is an extension of this biological approach but offers a number of advantages over it, including: an increased range of sedimentary environments that can yield relative sea-level data; improved quantitative reconstructions with defined error terms; and consistent, objective, replicable treatment of data (Edwards et al. 2004b) . Developing a transfer function for tide level begins with an investigation of the modern relationship between foraminifera and the tidal frame. Studies of the surface distribution of inter-tidal foraminifera can provide information on the preferred elevation (ecological optimum) and range of elevations (ecological tolerance) at which individual species are found (e.g. Scott & Medioli 1980; Jennings & Nelson 1992; Horton et al. 1999a; Scott et al. 2001; Edwards et al. 2004a) . These ecological parameters are distilled by multiple regression of species relative abundance and sediment surface elevation. The transfer function then applies these specieselevation relationships to estimate the elevation of a sediment sample on the basis of the foraminifera it contains (Horton et al. 1999b; Gehrels et al. 2001; Edwards et al. 2004b) . For clarity, the term 'elevation' is used in this paper to describe the height of a sample relative to mean tide level, while the term 'altitude' is used when referring to vertical position relative to ordnance datum (OD) Newlyn.
Each sediment sample can be assigned an indicative meaning on the basis of the foraminiferal assemblage contained within it. Since foraminifera are found across the whole suite of inter-tidal sub-environments, this dramatically expands the range of sediments that can be employed in sea-level reconstruction . This increase in data availability means that sedimentary archives can be interrogated in more detail.
The development of UK foraminiferal transfer functions for tide level has been documented in a number of publications. Horton et al. (1999b) and Gehrels et al. (2001) demonstrate that foraminifera in the UK can be reliably used as proxies for elevation via the transfer function technique. Horton et al. (2000) discuss how transfer functions can be used to improve the indicative meaning assigned to lithostratigraphic contacts, while Edwards (2001) used this method to reconstruct Mid to Late Holocene relative sea-level changes in Poole Harbour, southern Britain. In this paper, two suites of foraminiferal samples from overlapping cores are presented to illustrate how the transfer function approach permits stratigraphically constrained sea-level data to be treated as sequences, rather than as a collection of discrete points. This offers a number of opportunities to improve the resolution of relative sea-level records in ways that could not be achieved by the use of standard sea-level index points. These increases in record detail have the potential to link short-and long-term records of sea-level change.
An illustration of the transfer function approach
An extensive set of core material was recovered from the western North Sea coast as part of the Land-Ocean Evolution Perspective Study (LOEPS) and is summarized in Shennan & Andrews (2000) . This paper re-examines two cores collected from the Norfolk coast as part of LOEPS: NNC-14 recovered at Warham Marsh and NNC-17 collected at Holkham (figure 1a). The lithostratigraphy and chronostratigraphy are presented in Andrews et al. (2000) , while the foraminiferal data have recently been published in Boomer & Horton (2006) . In this section, these foraminiferal data are used in conjunction with a foraminiferal transfer function for tide level to reconstruct relative sea-level change. These results are used to illustrate the advantages and limitations of the transfer function approach outlined in §2. The performance of the transfer function is then assessed by comparison with the existing relative sea-level data from the region.
(a ) The foraminiferal transfer function for tide level
The reconstructions presented here are derived from an expanded version of the foraminiferal transfer function for tide level successfully applied to sediment samples from the Norfolk coast by Horton & Edwards (2005) . The new transfer function is derived from a modern training set of 200 samples collected from 13 study sites located around the British Isles (figure 1b). The combination of modern samples from a wide range of sites with differing physical, biological and hydrographic characteristics maximizes the range of palaeoenvironments that can be reliably interpreted by the transfer function data (Horton & Edwards 2005) . A full description of the development process is presented elsewhere (Horton & Edwards 2006) , but for completeness, the key points are summarized below.
The modern foraminiferal data are compiled from sites ranging from macrotidal (e.g. 8.4 m at Roudsea Marsh) to microtidal (e.g. 1.2 m at Arne Peninsula). To account for this variation, the elevation of each sample is standardized after Horton & Edwards (2005) . Elevation data are presented in the form of a standard water level index (SWLI), where a value of 100 is equivalent to MHWST, and a value of 0 corresponds to mean low water of spring tides. The transfer function employed here produces estimates of SWLI with an associated error of G9 (Horton & Edwards 2006) . Since this value is expressed as a proportion of the tidal range, reconstructions derived from microtidal sites will have smaller vertical errors than those generated from macrotidal contexts. The tidal range along the North Norfolk coast is relatively high (6.5 m) and as a consequence, the reconstructed elevations presented here have associated uncertainties of around G0.6 m.
The transfer function estimates the elevation of each sediment sample based on the relative abundance of foraminiferal species present within it. The resulting curve of surface elevation plots changes in sediment height above palaeo-mean tide level. These heights can be subtracted from the current altitudes of the sediment samples to reconstruct the past altitudes of palaeo-mean tide level. In common with lithological methods of sea-level reconstruction, this procedure assumes that the modern altitude of sediment samples is representative of their original altitude at the time of deposition, and that tidal range has not changed through time.
In reality, sediment compaction may lower sea-level index points, resulting in an underestimate of palaeo-mean tide level altitude (Haslett et al. 1998; Paul & Barras 1998; Allen 2000) . At present, there is no standard way of decompacting sediment sequences, and studies have to estimate the magnitude of potential lowering on the basis of comparing the altitude of index points derived from basal (presumed minimally compacted) and intercalated peat horizons. Similarly, few studies attempt to account for changes in tidal range since this commonly involves the use of specialist tidal models (e.g. Gehrels et al. 1995; Hinton 1995 Hinton , 1996 Shennan et al. 2000b) . Recent models from the western North Sea suggest that tidal range increased during the Holocene (Shennan et al. 2000a,b) , most notably between ca 6000 and 9000 calendar years before present (cal. BP). This would result in a tendency for sea-level index points to underestimate the true altitude of sea-level, and for transfer functions to estimate larger excursions in mean tide level.
(b ) The core data
The lithostratigraphy and chronostratigraphy of cores NNC-14 and NNC-17 are described in detail by Andrews et al. (2000) . Here, the key points are summarized and illustrated in figure 2, along with the foraminiferal data (Boomer & Horton 2006) . The estimates of elevation generated by the transfer function are plotted alongside these data with the elevation of MHWST at each site marked for reference.
Sediment cores were recovered using a shell-auger percussion rig and all sites were levelled in to OD with a closure error of less than 2 mm . The lithostratigraphy of both cores is typical of the region, commencing in late glacial sediments overlain by a basal freshwater peat unit. Core NNC-14, penetrating to ca K15 m OD, contains the longer of the two sequences. Here, the freshwater basal peat is overlain by a mud unit devoid of foraminifera and a second, thin peat. The sea-level record is derived from the overlying 12 m of silts and clays containing foraminifera. Below ca K7 m OD, the foraminiferal assemblages are dominated by calcareous taxa such as Ammonia species and Haynesina germanica, which are characteristic of low marsh or tidal flat environments. Above this, agglutinated taxa, such as Jadammina macrescens and Trochammina inflata, become dominant. These species are associated with salt-marsh environments and indicate an increase in sediment surface elevation (figure 2a). In contrast, agglutinated foraminifera (e.g. J. macrescens and T. inflata) are present at the upper contact of the basal peat in core NNC-17, reflecting the transition from a freshwater to a salt-marsh environment (figure 2b). The sea-level record developed for core NNC-17 is derived from the foraminifera recovered from this transgressive contact and from samples taken in the overlying 7 m of silt and clay. Unlike core NNC-14, calcareous taxa dominate the organic silty clay sediments above the basal peat, indicating that these sediments accumulated lower in the tidal frame. The general increase in species diversity upcore, coupled with the increase in sub-tidal species, indicates a trend towards decreasing sediment surface elevation (figure 2b).
(c ) Core chronologies
The chronostratigraphy for each core is provided by a combination of infraredstimulated luminescence (IRSL) ages and radiocarbon dating. Full details of materials and methods are presented in Andrews et al. (2000) and Bailiff & Tooley (2000) , and the results are summarized in table 1. Radiocarbon dates from the basal peat units provide the chronology for the lowermost portions of both cores. These age estimates are associated with 2s errors of between G70 and G300 years (figure 3). Luminescence ages provide the chronology for the silt and clay sediments containing the bulk of the foraminifera, and are associated with errors of between G210 and G650 years. Age data were combined and calibrated using OXCAL v. 3.1 (Bronk Ramsey 1995 , treating the sequence from each core separately to produce independent accumulation histories. To construct a chronology of sea-level change, each foraminiferal sample must be assigned an age. This requires the interpolation of age data to produce a unique age-depth relationship for each core. The need to interpolate age data is a common requirement of palaeoenvironmental reconstructions derived from sediment cores, and the methods employed vary considerably. For example, the single core sea-level reconstructions from North American salt-marshes have used combinations of simple linear interpolation, polynomial curves, stratigraphically informed 'best-fit' lines and wiggle-match dating (e.g. Varekamp et al. 1992; Nydick et al. 1995; Gehrels 1999 Gehrels , 2000 van de Plassche et al. 1998 van de Plassche et al. , 2001 . The issues surrounding the construction of chronologies in sea-level research are examined in Edwards (2004) . Principal challenges include uneven data distribution (temporal and spatial) and the differing magnitude of associated error terms, which results in variable age control through a sediment sequence. These limitations provide fundamental constraints on the precision of interpolated chronologies, the success of which depends upon a combination of data quality, quantity and sediment accumulation variability. In this paper, the chronology for each core is derived from three separate interpolations of the maximum, minimum and mean ages of the dated horizons. This approach produces three accumulation histories for each core, representing the uncertainty associated with the dating methods used.
(d ) Reconstructed elevation change
The foraminiferal data summarized in figure 2 show the reconstructed sediment elevation (relative to mean tide level) plotted against sample altitude (relative to OD). These data, when combined with the accumulation histories describing the age-altitude relationships for each core, result in the curves of elevation change through time presented in figure 4 . The white squares show the reconstructed elevation for the mean chronology, while the dark shaded envelope describes the vertical uncertainty associated with the transfer function reconstructions. The pale shaded envelope behind the elevation curve is derived from the maximum and minimum age chronologies and represents the extent to which the elevation curve can be shifted along the time-axis as a consequence of the age uncertainties. It should be noted that while the timing of the reconstructed changes can vary as a consequence of these dating limitations, the sequence and elevation of the changes are not altered.
The diagrams in figure 4 reflect the local balance between sedimentation and relative sea-level at the sample sites. For example, an increase in surface elevation reflects a local fall in water level. This occurs when the rate of sedimentation outpaces the rate of relative sea-level rise, and may reflect an alteration in one or both of these parameters. The record from the longer core NNC-14 extends back to around 7400 cal. BP (figure 4a). At this time, the transfer function reconstructs the sediment surface at around 0.9 m above mean tide level. In general, the foraminiferal assemblages from the lower portion of the core are interpreted as indicating sediment surface elevations around 1.5 m above mean tide level, which equates to a low marsh or tidal flat environment. As the core accumulates, there is a general emergence trend with elevations increasing to levels approximating MHWST. This dominant emergent trend is characteristic of the infilling of accommodation space as sedimentation rate outpaces the long-term rate of relative sea-level rise.
In contrast, the elevation diagram of NNC-17 exhibits a general trend towards increasing water depth (decreasing surface elevation), falling from an initial elevation equivalent to modern MHWST at ca 6500 cal. BP to between 1.5 and 2.0 m above mean tide level (figure 4b). This indicates that at Holkham, the rate of sedimentation was outpaced by the rate of relative sea-level rise and the sample site was inundated.
(e ) Reconstructing mean tide level
In order for these core-specific records of elevation to be used as records of relative sea-level change, it is necessary to account for variations in sedimentation. This is simply achieved by including the altitude at which each sample is taken. By subtracting the reconstructed value of elevation (height above mean tide level) from the sample altitude, the former altitude of mean tide level can be determined. In this way, the transfer function produces a sea-level index point (with an interpolated age) for each sample. This has the effect of converting a relative record into an absolute record of change that should no longer be specific to an individual site. This operation is performed on both cores and the results are presented in figure 5 . While the two cores displayed very different patterns of elevation change (figure 4), now that sediment accumulation has been taken into account, they exhibit similar records of mean tide level change through time. For much of the overlapping portions of the record, the curves from both cores show close agreement and can be brought in line with each other by minor alterations in their interpolated accumulation histories. In addition, both curves show inflections centred around 6000 cal. BP and declining rates of relative sea-level rise from ca 5000 to 3000 cal. BP. This demonstrates that both cores exhibit similar sequences of change. It should be noted that these two records are entirely independent of each other, since the altitude reconstructions are derived from different foraminiferal samples, and the core chronologies are generated from separate sets of dates.
To provide a further test of the transfer function reconstructions, the relative sea-level records from both cores are plotted alongside existing sea-level index points from the area, comprising 31 dates from 13 sites (figure 6). In addition, the estimated position of modelled mean sea-level derived from the geophysical model ICE4G (Peltier et al. 2002) is also shown as a solid line. The transfer function reconstructions plot through the middle of the scatter in the conventional sea-level index points, and follow the general trend estimated by the geophysical model. The sea-level index points from other sites extend the record slightly further back in time to around 8000 cal. BP, but the pattern of change indicated by the early portion of the relative sea-level records from the transfer function is consistent with these data. The transfer function reconstructions show more variability than the modelled mean sea-level estimates, but this is to be expected since ICE4G does not reproduce submillennial variability.
(f ) Discussion
The two cores presented above serve to illustrate the increase in information that can be provided by foraminiferal transfer functions. Traditional methods based on lithostratigraphic data could produce a maximum of two sea-level index points from the material presented here (established at the contacts between peat and silty clay). In contrast, the foraminiferal transfer function approach and text for details). Lithologically based sea-level index points are plotted as shaded rectangles encompassing their altitude and age errors. Index points from basal contexts (assumed largely compaction free) are outlined in bold. The modelled mean sea-level curve produced by the ICE4G model is shown as a solid line (see Peltier et al. 2002) . produces 35 relative sea-level reconstructions, thereby exploiting the wider range of datable sedimentary contexts. The principal limitation of the records is the coarsely constrained chronology, which results in large uncertainties in the timing of changes between ca 3000 and 6000 cal. BP. This limitation, which arises from the use of IRSL dates with large error terms (over 1000 years), produces the broad band of uncertainty around the reconstructions (figures 5 and 6). It should be noted, however, that this error band is of the same magnitude as the scatter in existing sea-level index points (figure 6). This illustrates how foraminiferal records, recovered from only two marshes, can produce sea-level data comparable to lithostratigraphic index points collected from 13 sites.
The sequential nature of the foraminiferal reconstructions means that it is much easier to compare and combine records. The combination of data, especially chronological information, has the potential to further refine the patterns of change that can be discerned. For example, when sea-level index points are combined, there is sometimes no direct overlap of data making intersite comparison difficult. If index points from one site fall in the gaps between index points from another, it is hard to gauge whether apparent variations in the composite record reflect actual relative sea-level changes from a coherent region, or are caused by inter-site differences in local relative sea-level. Where index points of comparable age are available from different sites, any vertical disagreement between them is equally hard to interpret, since the stratigraphic relationship between them can rarely be ascertained with any certainty. In contrast, the comparison of records from multiple cores produced by the transfer function approach is much more straightforward, since, unless portions of the records have been removed, all should exhibit similar sequences and patterns of change (Horton & Edwards 2006) . Rather than comparing reconstructed altitudes in isolation, sequences of change can be used to match suites of data together. Distinctive features of the curves can be used to assist in correlating between cores in much the same way that records from other terrestrial and marine environments are examined. In turn, discrepancies that arise from limitations in the chronology of accumulation, perhaps due to variations in sedimentation rate, or the removal of portions of the sedimentary record, will be more easily identified.
This can be illustrated with reference to figure 5. At around 6000-6500 cal. BP, both records indicate a still-stand in mean tide level at K9 to K10 m OD. While the uncertainties in the chronology for NNC-17 can only place this stillstand at between 5500 and 7000 cal. BP due to the large uncertainties associated with the IRSL dates from this interval, core NNC-14 has a radiocarbon date at ca 6000 cal. BP which fixes the record from this core more precisely. On this basis, it is likely that the mean chronology for NNC-17 is slightly too old for this interval (ca 500 years) and could be adjusted accordingly. It is interesting to note that such an adjustment would bring the two curves into agreement for the remainder of the interval for which overlapping records exist. Similarly, core NNC-17 is tightly constrained by a radiocarbon date and a matching IRSL date at ca 2500 cal. BP, fixing a second apparent still-stand or fall in mean tide level around 3000 cal. BP. It is clear that the collection of more data (e.g. additional dates) from critical periods will serve to refine records of change in a way that adding more sea-level index points to a scatter of data cannot.
Reconstructions for the same time period are derived from samples resting on different sediment thicknesses and loaded with different overburdens. Consequently, reconstructions from basal samples or less compactable substrates can be used to evaluate data from contexts that are more prone to post-depositional lowering. In the case of Cores NNC-14 and NNC-17, the fact that similar reconstructions are produced from contrasting sediment thicknesses and contexts suggests that compaction is not a first-order control on reconstructions from these predominantly minerogenic sequences. Inspection of figure 6 suggests that the curves may be displaced as much as 2 m below the basal index points, although around 4500 cal. BP both curves rest at or above the altitude of the closest basal index point.
Developing detailed records of relative sea-level change
The foraminiferal transfer function approach outlined in this paper has the potential to furnish precise and detailed records of relative sea-level change from inter-tidal environments around the world. For example, recent foraminiferal transfer functions developed in Connecticut, USA and the Great Barrier Reef, Australia, have precisions of G0.09 m (Edwards et al. 2004b ) and G0.07 m (Horton et al. 2003) , respectively. The records of relative sea-level change presented here are comparatively coarse due to the large tidal range of the area which induces vertical errors of G0.6 m. This illustrates the fact that site selection is a critical component of research seeking to discern subtle changes in relative sea-level during the Late Holocene period. Sites with large tidal ranges will usually produce records with greater vertical uncertainties.
The two foraminiferal records presented here are of relatively low precision for two further reasons. First, both cores possess only skeleton foraminiferal counts with samples commonly spaced 50-100 cm apart. The frequency of foraminiferal sampling is primarily governed by available time for analysis, and cores can be sampled every centimetre if required to produce very high-resolution elevation records (e.g. Edwards et al. 2004b) . Second, the chronologies for both cores are poorly constrained due to the limited availability of organic deposits suitable for precise radiocarbon dating, and the use of IRSL dates with large age uncertainties. More detailed chronologies will need to be developed if geological and instrumental data are to be linked. In areas where coastal deposits are highly organic, such as along the Atlantic coast of North America, large numbers of accelerator mass spectrometry (AMS) radiocarbon dates can be collected and wiggle-matched to produce high-precision accumulation histories (van de Plassche et al. 2001) . The combination of short-lived radionuclides (e.g. 210 Pb, 137 Cs), radiocarbon and thermoluminescence data, coupled with biological or chemical chronohorizons, has the potential to provide a strong chronological framework for the Late Holocene period upon which the transfer function reconstructions can be pinned. In addition, the AMS radiocarbon dating of calcareous foraminifera also offers the potential for increasing the temporal precision of the resulting relative sea-level records . In this way, detailed foraminiferal data and precise chronologies can produce highresolution records of relative sea-level change capable of distilling decimetre and century scale variations that can be compared with tide-gauge records (e.g. Gehrels et al. 2002) .
The ability to reconstruct relative sea-level change from a wide range of sedimentary sub-environments increases the amount of data that can be collected from coastal sequences. In addition, the fact that comparable records of relative sea-level change can be derived from cores with different accumulation histories means that reconstructions from single cores are less sensitive to the influence of local scale processes. The application of regional-scale transfer functions means that records produced from different sites are directly comparable. This replicability, coupled with the sequential nature of these data, assists in the compilation and construction of relative sea-level curves and permits higher-resolution variability to be distinguished. The development of these records will need to proceed in concert with improved methods of dating sediments and further refinements to the transfer function approach. Nevertheless, microfossil transfer functions are now capable of bridging the gap between proxy and instrument data, and have the potential to enable us to investigate the relationship between climate and sea-level at centennial timescales.
